The Atacama Large Millimeter Array (ALMA) consists of 64 antennas of 12 m diameter that will initially observe in 4 frequency bands between 84 and 720 GHz with spatial resolutions down to 0.
PRIMARY SCIENTIFIC REQUIRE-MENTS
ALMA will be a flexible observatory supporting a breath of research in the fields of planetary, galactic and extra-galactic astronomy. The three primary science requirements have been defined as:
1. The ability to detect spectral line emission from CO or CI in a normal galaxy like the Milky Way at a redshift of z = 3, in less than 24 hours of observation.
2. The ability to image the gas kinematics in protostars and protoplanetary disks around young Sun-like stars at a distance of 150 pc, enabling one to study their physical, chemical and magnetic field structures and to detect the gaps created by planets undergoing formation in the disks.
3. The ability to provide precise images at an angular resolution of 0. ′′ 1. Here, the term precise images means representing within the noise level the sky brightness at all points where the brightness is greater than 0.1% of the peak image brightness. This requirement applies to all sources visible to ALMA that transit at an elevation greater than 20
• .
We now concentrate on the two requirements important for extragalactic astronomy (see J. Richer's contribution for the galactic requirements).
Spectral line imaging of normal galaxies at z=3
An estimate of the technical requirements to achieve this science goal can be made by using experience learned from existing millimeter arrays, which have collecting areas between 500 and 1000 m 2 . These arrays now routinely detect CO emission from high redshift galaxies and quasars (see Carilli et al. , 2004a , for a review). Fainter molecular lines such as HCN (e.g. Carilli et al. , 2004b) and atomic Carbon (Weiß et al. , 2004a) are now also within the reach of existing telescopes. These observations take one to two days of total observing time, and are only possible for the most luminous sources and/or with the aid of gravitational lensing. In normal, unlensed galaxies, these lines would be a factor of 20 to 30 fainter.
The sensitivity of ALMA for a given integration time is essentially controlled by three major terms: (1) the atmospheric transparency, (2) the noise performance of the detectors, and (3) the total collecting area.
The location of ALMA on the Chajnantor plateau at an altitude of 5000m will minimize the contribution from the atmosphere compared to existing millimeter observatories. The noise level of the detectors can be reduced be a factor of two, and will then approach the fundamental quantum limit. An important factor of √ 2 will be gained by the requirement that ALMA support front end instrumentation capable of measuring both states of polarization. The remaining factor of 7 to 10 can only be gained by increasing the collecting area. Hence, an ALMA requirement is a collecting area >7000 m 2 . 
where T sys is the system temperature, ǫ a is the aperture efficiency, ǫ q is the correlator quantization efficiency, D is the antenna diameter, n p is the number of simultaneously sampled polarizations, N is the number of antennas, ∆ν is the bandwidth, ∆t is the integration time, and γ is a gridding parameter that we set to unity. For ALMA, we shall assume ǫ q =0.95, n p =2, and N (N − 1) ≃ N so this equation then simplifies to ∆S = 2.6 × 10 6 T sys ǫ a N D 2 √ ∆ν∆t mJy.
T sys and ǫ a vary between the different atmospheric bands of ALMA. A surface accuracy of 20 µm should be achievable, providing aperture efficiencies between 0.75 and 0.45 (see Table 1 ). T sys depends on several atmospheric and instrumental parameters. Table 1 lists estimates of the achievable T sys at an elevation of 50
• using state-of-the-art receivers. With these assumptions, one can thus calculate the required collecting area parametrized by the product N D 2 to achieve a certain flux density level.
The total CO luminosity of the Milky Way in the
has been estimated by Solomon & Rivolo (1989) . The CO luminosities seen in higher CO transitions by COBE (Bennett et al. , 1994; Wright et al. , 1991) are slightly higher. In the following, we shall adopt
From this, we can calculate the expected received flux density following Solomon, Downes, & Radford (1992) as
where S CO is the flux density in Jy, ν rest is the rest frequency of the transition in GHz, D L is the luminosity distance in Mpc, and ∆v rest is the rest line width in km s −1 .
In the Milky Way, most of the CO emission arises in clouds of several tens of Kelvin kinetic temperature. In Milky Way-like galaxies at z=3, the gas will be somewhat warmer due to the higher background temperature from the cosmic microwave background radiation. At z=3, we can observe the J=3-2 or J=4-3 transitions, which fall inside the atmospheric transmission regions. We thus need to consider the expected luminosity of these higher order transitions, using a proper radiative transfer model that takes the higher background temperatures into account. Several such models have been proposed (Silk & Spaans, 1997; Combes, Maoli, & Omont, 1999; Papadopoulos et al. , 2000) . However, they reach significantly different conclusions. There have also been a few observations of CO ladders in high redshift quasars (Carilli et al. , 2002; Bertoldi et al. , 2003) and Ultra Luminous InfraRed Galaxies (Weiß et al. , 2004b) , all showing CO intensities up to the 6-5 or 7-6 transition. However, the CO emission from quasars and ULIRGs is likely to be dominated by the central component, while our requirement is to detect the outer regions in Milky Way type galaxies. In a sample of 28 nearby galaxies, Mauersberger et al. (1999) finds I CO(3−2) /I CO(1−0) ratios between 0.2 and 0.7, very different from the ones found in the high-z quasars and ULIRGs. Given these uncertainties, we shall assume
For a standard ΛCDM cosmology with H 0 =71 km s −1 Mpc −1 , Ω M =0.27 and Ω Λ =0.73, the luminosity distance at z=3 is D L =26 Gpc. Assuming an intrinsic width ∆v=300 km −1 , the expected flux density of the CO(3-2) line is thus 36 µJy. Requesting a 5σ detection in a 75 km s −1 channel in 12 hours of on-source integration time (corresponding to 16 hours of total telescope time), we thus require an N D 2 of ∼7300 m 2 . This can be achieved with the ALMA array of 64 12 m antennas. Of course, larger values of N D 2 are always desirable, as they would allow one to resolve the line flux density into more pixels (higher angular or spectral resolution) or image to higher S/N more quickly.
Next to CO, ALMA should also be able to observe other lines such as CI, NII and CII lines at cosmological redshifts. These lines will provide important probes of the IMF and the Lyman continuum luminosity from the most luminous stars in early galaxies. However, because the evolution of their luminosity as a function of redshift and Hubble type is less known than for CO, we did not use them to determine the total aperture requirement of the array. Figure 1 . Atmospheric transmission at Chajnantor with the ALMA frequency bands indicated. Initially, only bands 3, 6, 7 and 9 will be used .
Precise high-resolution imaging
The requirement for ALMA to obtain precise images at an angular resolution of 0.
′′ 1 follows from the need to complement contemporary facilities such as the James Webb Space Telescope, the extended VLA, and adoptive optics imaging on large ground based telescopes.
To obtain high fidelity images with an interferometer requires a sufficient number of baselines to adequately cover the uv plane. To reach such excellent images limited by dynamic range requires that 50% of the (u, v) cells be filled (Morita, 1996) . This fraction of occupied cells (FOCC) is calculated out to the longest array baselines. The FOCC is a function of hour angle coverage. Obviously, one would like to observe sources within a limited hour angle range to avoid large system temperature variations that would corrupt the images. Especially in the submillimetre windows, such variation limit the hour angle coverage to approximately 2 hours. Holdaway et al. (1998) presents a detailed analysis of the variation of FOCC as a function of array configuration and hour angle coverage. To achieve an FOCC>0.5 in a configuration with a maximum baseline of 3000 m in 2 hours of hour angle coverage requires a collecting length N D >560. This can be achieved with the ALMA array of 64 12 m antennas.
As for any array, ALMA will also be prone to the short spacing problem. Because one cannot measure the smallest spatial frequencies, below approximately the antenna diameter, the interferometer will not be sensitive to sources more extended than ∼2/3 of the primary beam. A key requirement of ALMA is therefore the ability to observe in total power mode. To reach a similar S/N level in total power would require 4 antennas optimized for total power measurements (using a nutating secondary), each observing 4 times longer than the array (hence only 25% of the projects will have total power information).
Even after the combination with the total power data, there will still be a gap in the uv plane, located in a ring of approximately half the antenna diameter. This gap will be filled in by the Atacama Compact Array, a set of twelve 7 m antennas.
DETAILED REQUIREMENTS OF ALMA
To achieve the above science requirements requires a reconfigurable array covering baselines from a few meters up to several kilometers, observing in all the millimeter and submillimeter windows (Fig. 1) . The 12 m diameter of the antennas is driven by the required pointing and surface accuracy. Additionally, the ALMA antennas will be equipped with water vapor radiometers to measure atmospheric pathlength variations. Together with a fast switching technique, this will minimize the image distortions caused by phase variations.
Given the diverse scientific community to be served by ALMA, the final major requirement of is that ALMA should be an easy by non-experts. Automated image processing will be developed and applied to most ALMA data, with expert help available for intricate experiments. Table 2 summarizes the requirements of ALMA. <3% at 300 GHz and <5% at higher frequencies Polarization all polarization cross-products measured simultaneously Polarized flux error <0.1% of total intensity for V =0 source Polarization position angle better than 6
• for linear polarization Calibration accurate to 3% below 300 GHz and 5% at higher frequencies. Absolute calibration to 5%. Solar it shall be possible to observe the Sun at all frequencies Software preparation, scheduling and reduction software provided by ALMA Data reduction pipeline with minimal input from astronomer for most projects
POSSIBLE EXTRAGALACTIC PRO-GRAMS
In order provide a set of high-priority ALMA projects that could be carried out in ∼3-4 years of full ALMA operations, a Design Reference Science Plan (DRSP) has been set up. The DRSP contains 128 projects 1 written by 43 experts in four scientific categories (Galaxies and Cosmology, Star and planet formation, Stars and their evolution, Solar system). These projects assume the full array of 64 antennas, which will be available by 2012. The scientific goals will of course evolve over time, so these projects may become slightly outdated by this time. The main goal of the DRSP is to serve as a quantitative reference for developing the science operations plan, for performing imaging simulations, and for software design. These provide a useful overview of ALMA's capabilities in these four domains. The DRSP does not form the basis for any definition of ALMA early science observing programs, nor for any claims on key or other projects. Here we illustrate an example extragalactic project doing molecular line studies of submm galaxies. 12 CO as a function of redshift. Note that at each redshift, there will be at least one CO line that can be detected with ALMA. At z > 3, one can even detect two transitions within band 3.
The discovery of a significant population of dusty star forming galaxies at high redshift from deep (sub)mm surveys made with the SCUBA and MAMBO bolometer arrays has transformed our knowledge of galaxy formation (e.g. Smail, Ivison, & Blain, 1997; Greve et al. , 2004) .
1 The entire list of DRSP projects is available from http://www.eso.org/projects/alma/ These sources make up at least half of the FIR/submm background (Hauser et al. , 1998) . A significant fraction (of order 50%) of star formation in the cosmos occurs in these galaxies that are heavily obscured by dust. The optical/near-IR identification is extremely time-consuming, and often requires ultra-deep radio maps to narrow down the large positional uncertainty of the (sub)mm positions (Ivison et al. , 2002; Dannerbauer et al. , 2004) . As a result, the redshift distribution is still not properly determined, although the median redshift is claimed to be close to z ∼ 2.4 (Chapman, et al. , 2003 ).
ALMA will not only provide sub-arcsecond resolution images of these sources, solving the optical identification problem, but will also allow to bypass the optical spectroscopy altogether. The limited bandwidth of present-day mm interferometers means that accurate optical redshifts are needed before one can confirm the redshift by observing the CO lines (Neri et al. , 2003) . The 2×4 GHz bandwidth of ALMA allows one to detect at least one CO transition in three frequency settings between 90 and 116 GHz (Fig. 2 ). A second search will then be required to confirm the redshift. The two CO lines will also provide estimates of CO excitation conditions. For sources with 850 µm continuum flux densities of 1 mJy (which would be found with second generation bolometer arrays such as SCUBA-2/JCMT or LABOCA/APEX), ALMA would have a solid detection in <2 hours integration time per source, so it is feasible to observe a representative sample of 50 sources in 100 hours. These sources can the be followed up with high resolution CO images to determine their composition (many sources are expected to be in mergers), and to derive dynamical mass estimates from their velocity profiles (e.g. Genzel et al. , 2003) . Such studies require only 1 hour per source, compared to 24 hours or more for brighter sources known today. Finally, the HCN line, which is typically 10× fainter than CO will be detectable in about 10 hours with ALMA. This will provide a much better tracer of the dense gas feeding the star-formation in these galaxies.
